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tions imitating the small intestine and distal colon. Artificially lignified cell walls had varying but defined lignin concentrations (4.8-19.0%) and compositions (varying from pure guaiacyl to pure syringyl lignins) but a uniform polysaccharide-protein matrix. Adsorption of bile acids by cell walls was in a range of 6-31% (4-26 nmol of bile acids/mg of cell walls), with glycochenodeoxychol ate showing the highest adsorption rates. Neither lignin concentration nor lignin composition influenced bile acid adsorption, thus disproving a major role of lignin in bile acid adsorption.
dietary fiber constituents are contradictory. The main hydrophobic component of fiber, lignin (a complex macromolecule formed by oxidative radical coupling of mainly coniferyl and sinapyl alcohols) (Fig. 2 ) has often been implicated as an effective adsorber of bile acids (Eastwood and Hamilton 1968; Story and Kritchevsky 1976; Gallaher and Schneeman 1986; Huang and Dural 1995; GOrecka et al 2002; Sayar et al 2006) . Other studies, however, question a predominant role of lignin in bile acid adsorption (Nixon et a1 1986; Elhardallou 1992; GOrecka et al 2005) and instead promote the importance of soluble, viscous dietary fiber compounds (Glore et al 1994) such as f3-glucans (Braaten et al 1994; Wood 2001) or psyllium (Fulgoni 2001 ) for blood cholesterol reduction. Since the adsorption of bile acids is now regarded as a complex process, depending not only on the cell wall constituents but also on the cell wall structure (Drzikova et al 2005) , in vitro studies should go beyond work with isolated cell wall components to include whole cell walls with precisely defined matrix characteristics.
The aim of this study was to clearly delineate whether lignin in a cell wall matrix influences the adsorption of glycocholate, taurocholate, glycochenodeoxycholate, and deoxycholate under conditions mimicking the small intestine and distal colon. Our in vitro adsorption studies were performed with artificially lignified maize cell walls, so-called dehydrogenation polymer (DHP)-cell walls, with defined lignin concentration and composition characteristics and a uniform protein-polysaccharide matrix. Fig. 1 . Structures of glycocholic acid M. taurocholic acid (2), glycochenodexoycholic acid (3), and deoxycholic acid (4).
MATERIALS AND METHODS

General
Coniferyl alcohol and sinapyl alcohol were synthesized as described previously (Kim and Ralph 2005) . Sodium glycocholate hydrate, sodium taurocholate, and sodium glycochenodeoxycholate were from Sigma (St. Louis, MO). Deoxycholic acid was from Merck (Darmstadt, Germany). The enzymatic kit used for deoxycholate quantification (Procedure No. 450) was from Trinity Biotech Plc (Bray. Ireland).
Synthesis of DHP-Cell Walls
DHP-cell walls were prepared according to Grabber et at (1996) as previously described by Funk et at (2006) (Fig. 3A) . In brief, cells from maize suspension cultures (Zea mars L. Black Mexican) were ruptured by a Parr nitrogen bomb. Cell wall fragments were washed and resuspended in homopiperazine-1,4-bis(2-ethanesulfonic acid) buffer (pH 5.5). Diferulate formation withincell walls by wall-bound peroxidase was stimulated (Funk et at 2006 (Funk et at . 2007a by adding an aqueous H 2 02 solution (0.2 mmol of H202 /g of dry weight of cell walls) over 60-90 mm, followed by 30 min of additional stirring. DHP-cell wall complexes were formed by drop-wise addition of separate solutions of monolignols (0.3-1.0 mmol of monolignol/g of dry weight of cell walls) and aqueous HO2 (0.5-1.5 mmo! of H 2 02/g of dry weight of cell walls) over 5-26 hr. Monoligriol solutions consisted of coniferyl alcohol (1), sinapyl alcohol (2) (Fig. 2) or mixtures of both monolignols dissolved in water and acetone (80/20 or 95/5, v/v) . In some cases. DHP-cell walls were formed using H 2 02 generated from glucose oxidase and glucose in place of aqueous H20 2 (Grabber et at 1996) . An aliquot of cell walls stirred without monolignol additions served as nonlignified control. After monolignol additions were completed, cell wall suspensions were stirred for an additional 24 hr. Cell walls were then collected on glass microfiber filters (3.1 sm retention) and washed thoroughly with water followed by acetone. After air-drying, cell walls were oven-dried at 55-60°C before analysis. The lignin concentration of DHP-cell walls was determined using a modified Klason lignin method (Hatfield et at 1994) .
Incubation of DHP-Cell Walls with Bile Acids
Adsorption studies with bile acids were generally performed in triplicate using a modification of a previously published method (Funk et at 2006) (Fig. 313) . Cell walls (15 mg) were swollen overnight in 0.7 mL of phosphate-buffered saline (PBS, 67 mM sodium phosphate buffer, containing 13 mM sodium chloride) in conical glass centrifuge tubes. Experiments with individual conjugated bile acids (glycocholate, taurocholate, or glycochenodeoxycholate) were performed at pH 6.5 to simulate conditions in the small intestine, whereas deoxycholate was incubated at pH 7.6 to simulate conditions in the colon. After adding 0.6 mg of conjugated bile acid in 0.5 mL of PBS (pH 6.5) or 0.6 mg of deoxycholic acid in
Structures of coniferyl alcohol (1) and sinapyl alcohol( 2), the primary monolignols polymerized into lignin. (85/I5, vlv) , respectively, cell wall suspensions were incubated on a rotating mixer (35 rpm) at 37°C for 1 hr and then centrifuged (2,000 x g). Supernatants (20 1iL) from adsorption studies with deoxycholate were directly used for enzymatic analysis. Supernatants (300 sL) from the adsorption studies with conjugated bile acids were mixed with 100 P L of an internal standard solution (1.2 mg/mL of PBS IpH 6.5j). The glycochenodeoxycholate was used as an internal standard for glycocholate and taurocholate, while glycocholate was used as an internal standard for glycochenodeoxycholate. Supernatants were then extracted four times with 400 pL of diethyl ether to remove minor impurities. Bile acids were quantitatively recovered following diethyl ether extraction. Organic phases were discarded and the aqueous phase was directly used for HPLC analysis.
mL of PBS (pH 7.6)/MeOH
Quantification of Nonadsorbed Bile Acids
Adsorption of bile acids to DHP-cell wall samples was determined indirectly by quantifying nonadsorbed bile acids in the supernatants recovered after incubation. Nonadsorbed glycocholate, taurocholate, and glycochenodeoxycholate were quantified by reversed phase-HPLC with ultraviolet (UV) detection (D-6000A interface, L-6200 intelligent pump, L-4250 UV-vis detector, Merck, Darmstadt. Germany; autosampler ISS-101, Perkin Elmer, Uberlingen. Germany; column oven. Knauer. Berlin. Germany) using a Nucleosil 100-5 C 18 HD column (250 x 4 mm id.. 5 pm) (Macherey-Nagel. DOren, Germany). The injection volume was 20 PL, the column temperature was 45°C, and the flow rate was maintained at I mL/min. Elution was performed by using a binary gradient system consisting of KHPO4 buffer (5 mM. pH 5.3)/acetonitrile (80/20. v/v) (A) and KHPO4 buffer/acetonitrile (20/80, v/v) (B). The gradient was initially A 100%, held isocratically for 5 mm, linear over 5 min to A 67% and B 33%, held isocratically for 5 mm, followed by an equilibration step. UV was detected at 205 nm.
Because UV detection of unconjugated bile acids shows lack of sensitivity, we analyzed deoxycholate enzymatically using Trinity Biotech Bile Acids reagents (Procedure No. 450). In brief, the deoxycholate was oxidized to 3 -ox o-deoxycholate by NAD and 3-hydroxysteroid dehydrogenases. The NADH generated by the reaction was used to reduce nitro blue tetrazolium salt to forma- zan in the presence of diaphorase. The absorbance of formazan was measured at 530 nm (Lamda 2 UV/VIS Spectrophotometer, Perkin-Elmer, Uberlingen, Germany). External calibration was performed using deoxycholate, prepared at 0.1-0.5 mg/niL.
Statistical Analysis Data were statistically analyzed using the paired t-test at the 0.05 level of significance.
RESULTS AND DISCUSSION
Cell Wall Characteristics Primary cell walls from maize cell suspensions are typical of grasses, consisting of glucose (294 mg/g), arabinose (143 mg/g), xylose (126 mg/g), uronic acids (92 mg/g), galactose (72 mg/g), mannose (<10 mg/g), and rhamriose (<4 mg/g) (Funk et at 2007b) . Most of the glucose (80%) is derived from cellulose, white other carbohydrates are derived mainly from arabinoxylans and pectins and from small amounts of mixed-linked f3-glucans and xyloglucans. The balance of the cell wall consists mainly of small amounts of protein (30 mg/g) (Grabber et at 2003) , ferulate esters (16 mg/g) (Funk et at 2007a) , and guaiacyl-type lignin (4 mg/g) (Grabber et al 1995) .
Wall-bound peroxidases were used to form DHP from added monolignols and hydrogen peroxide. As previously shown by Grabber et at (1996) , the distribution and structure of artificial lignins in DHP-cell wall complexes is similar to naturally formed lignin in grass cell walls.
The DHP-cell walls prepared for our bite adsorption studies varied in both lignin content and composition (Table I) . Klason lignin concentrations in DHP-cell walls ranged from 4.8 to 19.0%. From analyzing Klason lignin contents of the nonlignified cell walls (Grabber et at 1995 (Grabber et at , 1996 it is deduced that cell wall components other than lignins only slightly, if at all, contribute to the measured Kiason lignin levels of our cell walls. Although we cannot fully exclude that acid insoluble complexes formed from lignins and other cell wall components may partly result in an overestimation of the Klason lignin contents of the synthesized DHP-cell walls, a major contribution of nonlignin components to the Klason lignin contents seems not likely in the system used. Low lignin levels were chosen to mimic lignin or lignin-like polymer concentrations detected in insoluble dietary fibers of (Grabber et al 1995) Cell walls were only used for adsorption studies with glycocholic acid, taurocholic acid, and glycochenodeoxycholic acid. Cell walls were only used for adsorption studies with deoxycholic acid. cereals, e.g.. rye bran 4.5%, maize bran and wheat whole grain 5.7% (Bunzel et al 2004) and of some vegetables such as kohlrabi (3.8%) or asparagus (5.6%) (Bunzel et al 2005) . Medium lignin concentrations were recently reported for insoluble fibers of kiwi (8.3%) and rhubarb (9.0%). Some types of fiber such as insoluble pear fiber have even higher lignin concentrations (23.5%) (Bunzel et a! 2005) . Monolignols used for the formation of the DHP-cell walls were coniferyl alcohol, sinapyl alcohol, or a mixture of both monolignols. Coniferyl and sinapyl alcohols, forming guaiacyl and syringyl units, respectively, are the predominant monolignols in lignins or lignin-like polymers from cereals, fruits, and vegetables (Bunzel et at 2004 (Bunzel et at . 2005 Bunzel and Ralph 2006) . DHP-cell walls containing pure guaiacyl or syringyl lignins were prepared to represent plant lignins with extremely high or low guaiacyl-tosyringyt ratios, such as carrot, kiwi, and rhubarb insoluble fiber lignin (Bunzel et al 2005) . Monolignol mixtures containing coniferyl and sinapyt alcohol in the ratios 1:2 and 2:1 were chosen to mimic guaiacyl-to-syringyl ratios typically found in cereal insoluble fibers such as rye and maize bran (Bunzel et at 2004) .
Adsorption of Bile Acids to Cell Walls
We evaluated the adsorption properties of gtycocholate (1), taurocholate (2), glycochenodeoxycholate (3), and deoxycholate (4) (Fig. 1) to various kinds of artificially lignified maize cell walls. In addition to representing the major forms in the human body (Rossi et at 1987) , these bile acids allowed us to assess how differing degrees of conjugation (e.g., glycocholate vs. taurocholate) and hydroxylation (e.g.. glycocholate vs. glycochenodeoxycholate) influence adsorption. While cholate and chenodeoxycholate conjugates represent primary bile acids, deoxycholate was chosen as a secondary bile acid which is relevant in its unconjugated form in the human colon. Bile acid concentrations used in our study (0.9-1.2 mM) represent concentrations at the lower range suggested for the human intestine (1-12 mM total bile acids) Dural 1995: Huang and Hoseney 1999) . Extensive swelling limited the quantity of DHP-cell walls used in incubations, resulting in a bile acid-to-cell wall ratio of 40 pg/mg (70-100 nmol/mg). Adsorption studies were done with continuous agitation in PBS at 37°C to mimic conditions in the small intestine for the primary bile acids (pH 6.5) and the distal colon for deoxycholate (pH 7.6).
As shown in Fig. 4 , all bile acids were adsorbed to all types of DHP-cell walls. Adsorption rates did not exceed 31% (12 mg of bile acidlg of cell walls or 26 pmol/g, respectively), which is intermediate compared with previous studies with other sources of dietary fiber. Previously reported bile acid adsorption to cereal products varied between 5 and 54 pmol of bile acid/g (Kahlon and Woodruff 2003: Drzikova et at 2005; Górecka et al 2005; Sayar et al 2006) . In addition, several adsorption studies performed with vegetable dietary fiber showed varying adsorption rates from 0 to 46 pmol of bile acids/g of sample (Kern et at 1978; Chen et al 1982; Hoagland and Pfeffer 1987; Pickardt et at 2004) . Górecka et al even detected adsorption rates of up to 200 pmol of deoxycholate/g of baked carrot (Górecka et at 2002) . However, the use of widely differing experimental conditions hampers comparisons among adsorption studies. For example, bile acid adsorption is influenced by parameters such as sample preparation, dietary fiber particle size, bile acid concentration, and pH in addition to fiber source (Kern et al 1978: Huang and Dural 1995; Pickardt et al 2004) .
In our studies, adsorption rates of bile acids to cell walls were greatest for glycochenodeoxycholate with 17-31% (6.9-12 mg of bile acidlg of cell walls) (Fig. 4C) , intermediate for glycocholate with 12-19% (4.7-7 .4 mg/g) (Fig. 4A) , and lowest for deoxycholate with 6-16% (2.6-6.6 mg/g, at different pH of 7.6) ( Fig. 4D ) and taurocholate with 6-12% (2.2-4.9 mg/g) (Fig. 4B) . As indicated in Fig. 4 , standard deviations for bite acid adsorption varied from 0.004 to 2.5 mg/g. In agreement with previous studies (Eastwood and Hamilton 1968; Story and Kritchevsky 1976; Kern et al 1978; Camire and Dougherty 2003) , our results indicate that glycine conjugates of bile acids are better adsorbed than taurine conjugates (P < 0.05). Furthermore, fewer hydroxyl groups facilitated bile acid adsorption (P < 0.05), as noted by Drzikova et al (2005) , who found that the glycochenodeoxycholate was better adsorbed than glycocholate to dietary fiber-rich extrudates from oats. Similar negative correlations between the hydroxylation and adsorption were shown previously for unconjugated bile acids (Kern et al 1978; Chen et al 1982; Carpita 1990; Kritchevsky 1996) , although a few studies also detected contrary adsorption properties (Camire and Dougherty 2003; Górecka et al 2005) .
Influence of Lignin on Bile Acid Adsorption
As shown in Fig. 4 , neither lignin concentration nor lignin composition had consistent effects on bile acid adsorption to DHP-cell walls. Differences in bile acid adsorption observed for different cell walls with varying lignin concentration and composition were fairly small and did not reflect any obvious tendency. For example. adsorption rates of glycocholate and taurocholate only covered an adsorption range of <3 rng/g. Even if the nonlignified control cell walls showed the lowest adsorption rates for glycochenodeoxychol ate and deoxycholate, enhancing the lignin concentrations did not lead to steadily increasing adsorption rates (Fig. 4C,D) . Because the application of descriptive statistics does not show any impact of lignin on the adsorption of bile acids, further statistical tests were not performed. Overall, our results do not support a major role of lignin in bile acid adsorption. Others have also questioned the role of lignin in bile acid adsorption (Nixon et al 1986; Elhardallou 1992; Górecka et a! 2005) . Although they are amphipathic molecules, the adsorption of bile acids to fiber has been attributed to hydrophobic interactions, in particular with lignin (Eastwood and Hamilton 1968: Huang and Dural 1995; Górecka et al 2002) . However, this mechanism has not been unambiguously proven and our results highlight the need to reassess the role of hydrophobic interactions in controlling bile acid adsorption. For example. Sayar et al (2006) found that synergistic interactions between 3-glucans and Klason lignin influence bile acid adsorption. Acid-insoluble Klason residues, however, contain not only lignin but other constituents such as suberin, cutin, waxes, structural protein, and protein-tannin complexes. Recent NMR studies showed that lignins were hard to isolate from wheat (Bunzel and Ralph 2006) and rye (Bunzel et al, unpublished results) and that the isolated extracts showed compositions different than lignins usually found in highly lignified tissues. Therefore it is possible that previously detected correlations between bile acid adsorption and Mason lignin are due to nonlignin components in fiber that are analyzed as Mason lignin but that are not necessarily structurally related to lignins according to their definition.
CONCLUSIONS
Our experimental design enabled us to unambiguously test how bile acid adsorption was influenced by various kinds of lignin integrated into a cell wall matrix. Although rates of adsorption were comparable to other studies, our results demonstrated that neither concentration nor composition of lignin affects bile acid (Table t) . Bars represent standard deviations.
adsorption to fiber. Finally, future studies should consider how cell-wall constituents associated with or acting synergistically (Sayar et al 2006) with lignin might influence bile acid adsorption.
